Abstract -The alkene (Z)-8-heptadecene, a semiochemical which inhibits the reproduction of Varroa destructor was tested in natural comb cells. One-hundred ng of (Z)-8-heptadecene applied under the capping of worker cells, sealed 0-15 h previously, caused a highly significant reduction both in the number of offspring (-12% reduction) 
INTRODUCTION

Reduced reproduction of Varroa destructor
Anderson & Trueman (Acarina, Varroidae) is regarded as the most important factor in tolerance of the honey bee towards this parasite. Minor variations in the reproductive rate of the parasitic mite may have a large impact on its population dynamics (Calis et al., 1999) because of the large number of generations per year. A decrease in mite reproduction in cells infested with multiple mites was noted by several authors (Piletskaya, 1982; Moosbeckhofer et al., 1988; Fuchs and Langenbach, 1989; Martin, 1995) . Nazzi and Milani (1996) observed this phenomenon under laboratory conditions and showed that it was caused, at least in part, by a substance that could be extracted from infested artificial cells. Among the substances released in such cells, the unsaturated hydrocarbon (Z)-8-Heptadecene was identified as a compound that reduced the reproduction of V destructor in artificial cells (Nazzi et al., 2002) . Repeated tests under laboratory conditions have shown that 100 ng of this compound, applied to the interior of gelatine cells, reduced the total offspring produced by 29%, an effect similar to that observed in cells invaded by three mites.
This inhibitor deserves special interest since it might represent a density dependent factor involved in the population dynamics of V. destructor. Density dependent factors are essential for the maintenance of balanced hostparasite relationship. In European bee races, reduced reproduction in multiple infested cells is evidently insufficient to maintain a balance between the host and the parasite at realistic 266 N. Milani et al.
infestation levels (Fuchs and Langenbach, 1989) , but the situation could be different in other populations of bees and mites.
From a different perspective, heptadecene could be exploited to develop new products that could be applied within bee hives to reduce the population increase of the mite.
The aim of the present work was to assess if heptadecene reduces the reproduction of V. destructor under field conditions. In particular, we studied the effects of treatments with heptadecene on the number of female daughters that could reach the adult stage and mate before the bee emerged, and thus could successfully reproduce later. The latter parameter is more relevant for the population dynamics of V. destructor than the total offspring generated, since immature offspring die when the bee emerges and unfertilized females remain infertile (Martin et al., 1997) .
MATERIALS AND METHODS
Bee colonies
Bee colonies from the experimental apiaries of the Udine University (north-east of Italy), with naturally mated, unselected queens were used in the experiments, in an area of racial hybridization between Apis mellifera ligustica Spinola and A. m. carnica Pollman (Comparini and Biasiolo, 1991; Nazzi, 1992) .
Experiment 1: treatment 0-15 h after capping
Combs containing brood close to being capped were chosen, and in the evening of the day preceding the treatment the capped cells were marked. The following morning, the comb was brought to the laboratory and groups of worker cells (generally, 5 or 10 cells) capped overnight (thus 0-15 h post capping, 0-15 PC) were treated by injecting 100 ng of (Z)-8-Heptadecene (Fluka Chemie) dissolved in 1 µL acetone. The solution was injected with a microsyringe under the capping, taking care not to hurt the larva. Part of the injected solution often spread over the capping. An equal number of cells was treated with 1 µL of the solvent alone as a control. Groups of control and treated cells were distributed alternately on the surface of the comb and were separated by at least one cell, which was left untouched. The position of the cells used in the experiment was marked on a transparent sheet. The treatment was carried out within 3 h, then the comb was returned to the hive.
Eleven days later, when the bees were about to emerge, treated combs were brought to the laboratory. Treated and control cells were identified using a transparent sheet. Intact cells and cells uncapped and emptied by bees were counted, then treated and control cells were opened and inspected. When an infested cell was found, the condition of the bee pupa was noted, and mite females and their offspring were mounted on microscope slides in Berlese's medium (Nannelli, 1996) . Developmental stages (egg, protonymph, deutonymph, pharate adult, moulted adult) and sex of the offspring were identified at 30-200 magnification; eggs and protonymphs were not sexed.
In particular, the number of offspring and the number of potentially mated daughters, PMD (i.e., the number of adult daughters in cells containing also an adult male, including pharate adults), were considered. Pharate adults, i.e. adults that have not yet shed the cuticle of the deutonymph, were identified by observing the presence of structures of the adult mite enclosed within the old cuticle; in particular, in pharate adults the long setae of the legs are appressed and parallel to the leg itself rather than spreading out in different directions (Fig. 1) .
Data on single and multiple infested cells were analysed separately. A few cells (1% of the total), damaged by Galleria mellonella (L.) or with abnormal pupae, were not considered; also cells with dead mites were not included in comparisons.
The experiment was carried out four times, in June, July, August and September, in mite infested colonies kept in the experimental apiary of the University. Each time, 100-200 cells on each of two combs were treated (for a total of about 1100 cells) and an equal number of untreated cells were used as controls. The same procedure was also replicated twice (replications 5 and 6), in early and late August, on a population of mites from an apiary maintained without acaricide treatments for three years in an isolated location, on a total of about 225 cells.
The effects of the injection of acetone on the reproduction of V. destructor were studied by comparing the reproduction of mites in cells injected with 1 µl acetone and in untouched cells (two replications, with a total of about 240 cells per group).
Experiment 2: treatments at different times after capping
In a second experiment, three combs were marked as in Experiment 1, then brought to the laboratory. Cells capped overnight (0-15 PC) were (Z)-8-Heptadecene reduces reproduction of V. destructor 267 assigned to one of four groups, C, T1, T2, T3 and treated respectively with 0, 100, 50, 0 ng of (Z)-8-Heptadecene in 1 µL acetone. After four days, the combs were brought to the laboratory for a second time and the cells of the groups C, T1, T2, T3 were treated again, with 0, 0, 50, 100 ng heptadecene in 1 µL acetone respectively. Each group comprised about 200 cells. Treated and control cells were marked on a transparent sheet and inspected 11 days after capping, as in Experiment 1. The experiment was carried out in August.
Experiment 3: treatment before and after capping
In a third experiment, cells were treated either shortly before capping or soon after capping. Four combs were chosen and capped cells were marked; 6 h later, the combs were brought to the laboratory. Capped cells (capped 0-6 h before) and cells close to capping were treated with 100 ng (Z)-8-Heptadecene in 1 µL acetone; controls received 1 µL acetone. The position of controls and treated cells was marked on a transparent sheet. Sixteen hours later, the comb was brought to the laboratory again and the cells that had been capped in the meantime were marked with a different symbol, to identify cells that had received the treatment 0-16 hours before capping. Thus, in this experiment four experimental groups were considered; cells treated 0-16 h before capping and the corresponding controls (respectively TB, CB), and cells treated 0-6 hours after capping and the corresponding controls (TA, CA). The experiment was carried out in September.
Cells were opened and inspected 11 days after the treatment, as above.
Statistical comparison
Proportions were compared using G-tests (with the Williams' correction). Removal of treated and control cells in Experiment 1 was compared with the Mantel-Haenszel test. The number of offspring and that of PMD per foundress female in treated and control groups was compared using a two-sample randomisation test (Manly, 1997, Chap. 6.3) . When more than two groups were compared, a one-factor ANOVA (Manly, 1997, Chap. 7 .1) was used. The randomization distribution was resampled 10 6 times with a computer programme written for this purpose.
RESULTS
Experiment 1: treatment 0-15 h after capping
Hygienic behaviour towards treated cells
Bees uncapped and emptied 134 out of 1331 treated cells (10.1%), and 184 out of 1334 control cells (13.8%). This trend was observed in 5 replications out of 6 (Fig. 2) . The Mantel-Haenszel test did not reveal heterogeneity among replications (P = 0.52), while the difference between control and treated groups was highly significant (Mantel-Haenszel test, P = 0.003), with an estimated odds ratio (removal in treated cells/removal in controls) of 0.69. 
Condition of the bees
With a few exceptions (<1% of the total), the bee brood developed normally to the stage of pupa with pigmented thorax, both in the control and treated group, without evident differences.
Infestation levels
In intact treated and control cells (in total, 2665 cells), 613 female mites were found. The infestation (Tab. I) was obviously higher in replications carried out later in the year.
Mortality of mites
Five out of 296 and 14 out of 317 mites in treated and control cells respectively died. The difference reached the significance level (P = 0.05) but it resulted from a scattered record of mortality, without any definite pattern. If the treatment had any effect on the vitality of the mite, the effect was very small and inconstant.
Effects of the injection of acetone on the reproduction of mites
No effect of the injection of acetone on the reproduction of V. destructor was observed: in single infested cells, the average number of offspring was 4.35 in acetone injected cells and 4.28 in untouched cells; the average number of PMD was 1.40 and 1.39 respectively. Even when replications were considered separately, the maximum relative difference was less than 4%.
Effects of heptadecene on the reproduction of mites in single infested cells
The infertility of the females of V. destructor was slightly higher in treated cells (11.5%) than in control cells (7.5%), but the difference was not significant (P = 0.16, G-test) .
The average number of offspring was 3.48 in treated cells and 3.96 in control cells (Fig. 3) ; the difference was highly significant (P < 0.01). In each replication, the reproduction in controls never exceeded that in treated cells; the difference was significant in two replications.
The average number of PMD was 0.94 in treated cells and 1.31 in control cells (Fig. 4) . The difference was very highly significant (P 0.0001). This difference resulted from a significant reduction both in the number of adult females (1.26 vs. 1.53; P 0.002) and in the number of males (0.64 vs. 0.78; P 0.001), including pharate adults in both cases. Out of 297 adult males, only 20 were still pharate. The vitality of several of the pharate adult males seemed reduced and sometimes they were abnormally small; however, excluding In both populations, a decrease in the reproduction of V. destructor in control cells was observed in replications carried out later in the season, but no significant difference among replications in the number of PMD in controls was observed.
Effects of heptadecene on reproduction of mites in multiple infested cells
The number of total offspring per infesting female in multiple infested cells did not decrease in treated cells (3.21 vs. 2.96 in controls), nor did the number of PMD (1.40 vs. 1.09 in controls); the differences were not significant (P 0.3 and 0.07 respectively).
Experiment 2: treatments at different times after capping
Hygienic behaviour towards treated cells
Cells uncapped and emptied by bees were 14-20% of the total (Tab. II); no significant difference among groups was detected.
Infestation levels
Average infestation of intact cells was 50.4%.
Effects of heptadecene on the reproduction of V. destructor in single infested cells
The decrease both in the total offspring and the number of PMD observed in the treated groups did not reach significance (Tab. II); in both cases, the largest decrease occurred in the group T1, which had received a treatment similar to that of the treated group of Experiment 1. The reproduction was markedly lower than in Experiment 1 in all the groups, including the control one; this effect was observed consistently in each of the three combs used.
Effects of heptadecene on the reproduction of V. destructor in multiple infested cells
Reproduction in treated cells was somewhat lower than in controls, without significant differences (Tab. III). The numbers of offspring and that of PMD per female were close to those recorded in single infested cells. 
≈
Experiment 3: treatment before and after capping
Capping of cells treated before the treatment
Most cells injected before capping were capped by the bees within 16 h, without differences in the proportion of capped cells between the treated and the control group (respectively, 162 out of 199 and 162 out of 189; P = 0.25). With a few exceptions, the remaining cells were found to have been capped when the comb was inspected.
Removal of treated brood
Treated cells, either before or after cell capping, were removed less often than control cells (Tab. IV); the difference between CA and TA cells was significant (P < 0.05), the difference between CB and TB cells also was highly significant (P < 0.0001).
Infestation levels
Infestation levels (Tab. IV) in cells treated after capping and in the corresponding controls were not significantly different (P 0.4), while cells treated before capping were less infested than corresponding controls. The differences in the proportion of infested cells (23.7% vs. 41.6% in the controls, P 0.001) and in the number of female mites/cell (0.35 vs. 0.59 in the controls, P < 0.01) were highly significant.
Effects of heptadecene on the reproduction of mites
In single infested cells, treatments before and after capping did not produce clear effects on the reproduction of V. destructor (Tab. IV). As in Experiment 2, the number of PMD was low in all the experimental groups. In multiple infested cells, only small variations in the reproduction among groups were observed; the size of the sample was too small to draw any conclusions.
DISCUSSION
In Experiment 1, the number of mature offspring in control cells was in the range considered normal for European populations of V. destructor mites and European bees.
The injection of 1 µL acetone did not affect the reproduction of the mite; thus, cells treated with acetone could be used as controls.
Heptadecene, at the dose of 100 ng applied 0-15 h after capping, influenced the reproduction of V. destructor in the hive and reduced both the total number of offspring and the (Nazzi et al., 2002) , obtained in artificial cells under laboratory conditions. In laboratory experiments (F. Nazzi and N. Milani, unpublished data), heptadecene was active at 10 and 100 ng/cell, but not at 1 nor 1000 ng/cell; related hydrocarbons were not active (Nazzi et al., 2002) . This rules out the possibility that the effect is an unspecific one, due to overdosing. On average, the decrease in the number of PMD was 28%, larger than the decrease in the total offspring. There is no way to prove that all the pharate adults would moult and mate before the emergence of the honey bee. Nevertheless the number of PMD 11 days after capping represents a good estimate of the number of female daughters that can reproduce; possible differences would affect the different experimental groups in the same way. A 28% decrease would produce large effects on the population dynamics of the mite, owing to the large number of generations per year.
So far, investigations have concentrated on the infertility of V. destructor as the main parameter influencing its population dynamics, since it was implicitly assumed that the number of offspring produced was the same once mite reproduction was triggered. The data presented here show that important differences in the reproductive success may exist even when infertility is low. Such differences can be reliably detected only when mites are mounted on microscope slides; identification under the dissecting microscope was unreliable or impossible.
The larger difference in the number of PMD than the offspring produced may result from delays in the oviposition, slower development of the offspring, loss of the male or disturbances in the oogenesis and oviposition that alter the normal sex ratio.
No clear differences in the response of the mites of the two tested populations were observed. On the contrary, a decrease in the total number of offspring and in the number of PMD in control cells was observed in both mite populations in replications carried out later in the season, when infestation levels increased and availability of brood cells decreased. From the experiment it is not possible to ascertain what factor produced the observed effect, but it may reveal a density dependent effect on mite reproduction that should be further investigated in depth. Moosbeckhofer et al. (1988) found a negative correlation between infestation level and mite reproduction, but considered both single and multiple infested cells; thus their results could be influenced by the increase in the proportion of multiple infested cells.
Low reproduction in all the experimental groups was observed in Experiments 2 and 3. In the control group of Experiment 2, mite reproduction was even lower than in treated group of Experiment 1. This effect could depend on seasonal factors (for example, very high infestation levels) or the manipulation of the combs, which were taken twice from the hive, which may have contributed to obscure differences among different groups, so that effect of heptadecene under these conditions could not be demonstrated conclusively. At this point, how the timing of application of heptadecene influences the biological activity of the mite is not possible to discern.
In multiple infested cells, no decrease in mite reproduction was observed (differences between control and treated cells in Experiments 1 and 2 were not significant and had opposite signs). A possible explanation is that in multiple infested cells, a single injection of heptadecene cannot cause effects much higher than those caused by the same compound, produced within the cell during the development of the pupa, because saturation of effects is reached.
Heptadecene has a high affinity for wax and a low, but not negligible volatility (the vapour pressure is about 0.2 Pa at 35 °C: cf. Kang et al., 2001 ). These factors made it difficult to evaluate how long minute amounts of heptadecene persisted and remained available in the site of application. On the other hand, its volatility could make it possible that it is active in locations different from the site of release.
In Experiments 1 and 3, bees removed more control cells than treated cells; the difference was small but highly significant. A possible explanation may be that heptadecene might reduce the parasitic activity of the mite and its offspring, thus decreasing the damage caused to the bee larva or pupa and consequently the 272 N. Milani et al.
release of the compounds that trigger the removal behaviour. Alternatively, heptadecene might interfere with the perception of related compounds (Nazzi et al., 2004 ) that trigger hygienic behaviour in the honey bee.
Finally, cells treated before capping were less infested than the corresponding controls. The experiment was not designed to assess such effects, and thus this result has to be taken with caution. However, it might indicate that heptadecene interferes with the process of entrance of V. destructor into brood cells, without implying that this compound has a repellent action.
These effects suggest that heptadecene might be involved in some way in the tolerance of V. destructor by some honey bee strains, and thus its activity in the bee colony deserves further investigation.
